Introduction
The design of compartmental ligands capable of providing symmetrical and asymmetrical bimetallic cores is a growing topic. The metal complexes constructed from these ligands have been used as successful devices to mimic the active sites of a variety of metalloenzymes. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] With focus on compartmental ligands that are derived from phenolic containing compounds, these ligands have been launched to study the phosphodiester hydrolysis and DNA cleavage [1] [2] [3] [4] and to model purple acid phosphatases, 5, 6 Zn phosphesterases, 7, 8 Mn catalases, 9 catecholase oxidases, 10,11 metallo-β-lactamases (MβL) 12 and hemocyanin. 13 The use of these model compounds was very helpful to gain insight into biological systems and to elucidate some structural features about these systems. Recently, it has been reported that heteronuclear transition metallanthanide, 3d-4f metal complexes derived from multidentate Schiff bases containing phenolic and alkoxy groups have the capability of fixing atmospheric CO 2 to produce carbonatobridged polynuclear compounds. [14] [15] [16] [17] [18] The resulting carbonatobridged complexes showed interesting magnetic properties that open possibilities for their use as magnetic devices for single molecule magnets (SMM). [14] [15] [16] [17] [18] Among many different types of binucleating compounds are phenol-based compartmental ligands, which possess two pendant chelating arms attached to the 2-and 6-positions of the phenol ring. These two arms, which can be symmetric or asymmetric, can accommodate two similar or dissimilar metal ions and hence produce dinuclear metal complexes bridged by the endogeneous deprotonated phenolic group and one or two exogeneous groups leading to unsaturated coordination environment around the central metal ions, or in some cases coordinate to weakly bound ligand(s). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The distance between the two metal ions bridged via the phenoxido group is a crucial parameter in mediating the magnetic interaction between the two paramagnetic metallic centers. Also, their close proximity allows the cooperation between metal ions, where the distance between the two bridged metal ions are within the range of 2.9-4.0 Å, providing an excellent pathway for a strong antiferromagnetic coupling between 3d 7-9 centers. In addition, the benzene ring present in these systems allows great synthetic flexibility, especially in tuning the solubility of the compounds.
As it was indicated above, the phenol-based compounds with 2,6-pendant chelating coordinating arms have the tendency to bind two similar or dissimilar metal ions through the deprotonated phenolic group. In the presence of aliphatic and aromatic carboxylate compounds extra bridge(s) via the carboxylate moiety may be obtained. [35] [36] [37] [38] [39] [40] [41] [42] [43] Similarly, bridged hydroxo-, methoxo-and phospho-ester compounds were also observed. 22, [44] [45] [46] [47] [48] However, it came to our attention that a few 
Results and discussion

Syntheses
The bi-compartmental phenolic ligand 2,6-bis[bis(2-pyridylmethyl)aminomethyl]-4-chlorophenol (L Cl -OH) was synthesized in about 80% by the reaction of 2,6-bis(2-chloromethyl)-4-chlorophenol with bis(2-pyridylmethyl)amine (DPA) in anhydrous CH 3 CN and in the presence of a slight excess of anhydrous K 2 CO 3 . The compound 2,6-bis(2-chloromethyl)-4-chlorophenol was obtained through the hydroxoformylation of 4-chlorophenol by 30% aqueous solution of formaldehyde in aqueous NaOH solution followed by acidification with acetic acid ( pH < 6) to produce 2,6-bis(2-hydroxomethyl)-4-chlorophenol. The later compound was then converted to the corresponding 2,6-bis(2-chloromethyl)-4-chlorophenol via the reaction with concentrated hydrochloric acid. The ligand L Cl -OH (Chart 1) was characterized by 1 H and 13 C NMR, ESI-MS and IR (see Experimental section).
The reaction of a methanolic solution of 2,6-bis[bis(2-pyridylmethyl)aminomethyl]-4-chlorophenol (L Cl -OH) with two equivalents of MCl 2 ·nH 2 O (M = Co, n = 6; M = Ni, n = 6; M = Cu, n = 2; M = Zn, n = 0) in the presence of NH 4 Interestingly, the geometries of the complexes 1-4, as determined by UV-Vis spectroscopy in CH 3 CN solution, were in complete agreement with those obtained by single crystal X-ray crystallography.
Mass spectral characterization of complexes (7) and 132.64(11)°for 2 and 3, respectively. The intra-dimeric Ni (1)⋯Ni (2) (4) 
Magnetic properties of complexes 1-4
The experimental magnetic data of 1, depicted in Fig. 6 , shows dominant antiferromagnetic exchange within the Co(II) dimer as evidenced by a decrease of the effective magnetic moment from 6.46μ B (300 K) to 0.88μ B (1.9 K) and also by the maximum of M mol vs. T curve located at 21 K, which serves as a fingerprint for antiferromagnetically coupled homospin dimers. 61 Furthermore, the significant zero-field splitting (ZFS) is expected in hexa-coordinate Co(II) complexes 62 and therefore the following spin Hamiltonian was postulated
where the isotropic exchange ( J), the zero-field splitting (D) and Zeeman term (g) are included. Then, the molar magnetization in a given direction of magnetic field B a = B·(sin θcos φ, sin θsin φ, cos θ) was calculated as
Z is the partition function resulting from diagonalization of the spin Hamiltonian matrix. Finally, the integral (orientational) average of molar magnetization was calculated by eqn (3) in order to properly simulate experimental powder magnetization data.
Moreover, the small amount of monomeric paramagnetic impurity (PI) which accounts for an increase of molar magnetization (mean susceptibility) below 3 K was taken into consideration by eqn (4)
where M PI was calculated using the Brillouin function. Both temperature and field dependent magnetic data were included into fitting procedure which resulted in these parameters for 1: , x PI = 0.79% (χ TIP stands for the temperature-independent paramagnetism). The results confirmed the moderate antiferromagnetic exchange between Co(II) atoms and the substantial role of magnetic anisotropy as deduced from the axial zero-field splitting parameter D. The small discrepancies between experimental and calculated data are ascribed to the existence of two dimeric units within the asymmetric unit and also to the fact that one of the dimers forms supramolecular tetramers through O-H⋯Cl hydrogen bonds (Fig. S11 †) . This probably creates more complex magnetic exchange pathways in the solid state.
The magnetic data for the dinuclear nickel(II) complexes 2 and 3 are plotted in Fig. 7, and Fig. S12 , † respectively. In complex 2, the effective magnetic moment drops on cooling from 4.17μ B (300 K) to 0.26μ B (1.9 K) and the maximum of M mol vs. T curve was found at 57 K, thus confirming strong antiferromagnetic exchange with S = 0 ground state. Such strong antiferromagnetic exchange means that excited molecular spin states S = 1 and S = 2, which bear information about magnetic anisotropy (D), are too high in energy, and therefore low temperature isothermal magnetization data (M mol /N A μ B < 0.1, Fig. 7 ) are non-informative concerning this issue. Therefore, only temperature data were used during the fitting procedure, which resulted in J = −39.0 cm ( Fig. S12 †) . In contrast to the above discussed results, the copper(II) complex 4 exhibited different magnetic behaviour (Fig. 8) . The effective magnetic moment is almost constant in whole temperature range (μ eff ≈ 2.57μ B ) and only below 10 K the small drop of μ eff is observed (μ eff = 2.32μ B at T = 1.9 K). Moreover, there is no maximum on M mol vs. T curve. Consequently, we can presume only a very weak antiferromagnetic exchange in 4. The magnetic analysis of both temperature and field dependent data resulted in J = −0.79 cm , thus confirming a very weak magnetic exchange between Cu(II) atoms of the antiferromagnetic nature. 
Evaluation of magnetic properties using DFT calculations
For the above mentioned structurally characterized dinuclear molecular fragments of 1-4 complexes, the following spin Hamiltonian for a dinuclear was used
All the calculations utilized the RI approximation with the decontracted auxiliary def2-TZV/J Coulomb fitting basis set and the chain-of-spheres (RIJCOSX) approximation to exact exchange. 66 Increased integration grids (Grid5 and GridX5in
ORCA convention) and tight SCF convergence criteria were also used. The isotropic exchange J values were calculated by Ruiz's approach (eqn (7)) 67 and also by a more general Yamaguchi's approach (eqn (8)) 68 :
The results of DFT calculations are summarized in Table 1 . The J values calculated by DFT correlate well with the experimentally determined antiferromagnetic exchange in 1-4, and in the case of Co(II) and Ni(II) complexes the J's calculated by the Ruiz's approach are also very close to those found from magnetic analysis, whereas in Cu(II) compound, the experimentally determined J value is between J Ruiz and J Yam values. Fig. 9 ) and also the non-orthogonal magnetic orbitals (Fig. 10) were visualized with the help of software Gabedit. 69 Evidently, the unpaired electron of each Cu(II) atom is localized in the d x 2 −y 2 orbital, which lies within the CuN 3 Cl plane. Therefore, there is a very weak overlap between magnetic orbitals of Cu(II) atoms, which results in such very weak antiferromagnetic exchange. On the contrary, the two unpaired electrons of Ni(II) atom are localized in the d x 2 −y 2 and d z 2 orbitals, leading to efficient overlap between magnetic orbitals through the bridged phenoxido Ni-O-Ni bond resulting in a strong antiferromagnetic exchange. Also, a consensus between DFT and magnetic analysis results in Ni(II) compounds 2 and 3 was acquired, showing that antiferromagnetic exchange is weaker in the case of 3. This trend can be related to the 
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Experimental
Materials and physical measurements
The compound bis(2-pyridylmethyl)amine (DPA) was purchased from TCI-America. All other chemicals were commercially available and used without further purification. Infrared spectra were recorded on a JASCO FTIR-480 plus spectrometer as KBr pellets. Electronic spectra were recorded using an Agilent 8453 HP diode array UV-Vis spectrophotometer. is the molar concentration of the complex. Elemental analyses were carried out by the Atlantic Microlaboratory, Norcross, Georgia U.S.A. Magnetic measurements of cobalt(II) (1) and nickel(II) compounds (2 and 3) were performed with a PPMS Dynacool VSM magnetometer (Quantum Design, Inc.) (T = 1.9-300 K at B = 1 T; B = 0-9 T at T = 2, 5 and 10 K), while the copper(II) complex 4 was measured on an MPMS XL7 SQUID magnetometer (Quantum Design, Inc.) (T = 1.9-300 K at B = 1 T; B = 0-5 T at T = 2 and 5 K). The magnetic data were corrected for diamagnetic susceptibilities and the signal of the sample holder. Caution: Salts of perchlorate and their metal complexes are potentially explosive and should be handled with great care and in small quantities.
Synthesis of the ligand
The ligand 2,6-bis[bis(2-pyridylmethyl)aminomethyl]-4-chlorophenol (L Cl -OH, Chart 1) was synthesized via 2,6-bis(chloromethyl)-4-chlorophenol, which in turn was obtained by the conversion of 4-chlorophenol to 2,6-bis(2-hydroxomethyl)-4-chlorophenol.
2,6-Bis(2-hydroxomethyl)-4-chlorophenol. This compound was prepared based on published procedures, 55, 56 with modifi-
cations. An aqueous solution of NaOH (20.0 g, 0.5 mol in 20 mL of water) was added with stirring to a suspension of 4-chlorophenol (12.8 g, 0.1 mol) in 30 mL of 30% aqueous formaldehyde (0.3 mol). The mixture was kept at 30-40°C for five days without further stirring, at which time the sodium salt of the target compound had precipitated. This was collected by filtration, washed with six 5 mL portions of saturated NaCl solution, and dissolved in 100 mL of boiling water. This solution was acidified by acetic acid until a pH of <6 had been reached and chilled in a refrigerator. The pale yellow product, which was collected by filtration was washed with 10 mL of H 2 O and then dried in air (yield: 18.6 g, 63%, based on 4-chlorophenol). Further recrystallization from ethyl acetate afforded off-white needles. Characterization: mp 166-167°C (Lit.: 165°C), 56 2,6-Bis(chloromethyl)-4-chlorophenol. This compound was prepared by adapting a procedure for preparing 2,6-bis(chloromethyl)-4-methylphenol. 81 A mixture of 2,6-bis(hydroxymethyl)-4-chlorophenol (5.3 g, 0.028 mol), and 60 mL of aqueous 36% HCl (0.7 mol) in CH 2 Cl 2 (20 mL), charged into a 250 mL round bottom flask, was magnetically stirred overnight at room temperature. The resulting two phases were separated and the aqueous phase was extracted with CH 2 Cl 2 (2 × 25 mL). The combined organic phases were vacuum evaporated and the crude light brown solid was collected and extracted with hot heptane (2 × 30 mL). Evaporation of heptane afforded the desired product as a white solid (yield, 4.2 g, 66%). Further recrystallization from heptane resulted in the formation of colorless needles. Characterization: mp. 92-93°C (Lit. 92-92.5°C). 82 
Syntheses of metal(II) complexes (1-5)
A general method was used to synthesize the dinuclear dichloro metal(II) complexes (1) (2) (3) (4) (5) . To a mixture containing MCl 2 ·nH 2 O (M = Co, n = 6; M = Ni, n = 6; M = Cu, n = 2; M = Zn, n = 0) (0. 
X-ray crystal structure analysis
The X-ray single-crystal data of compounds 1-5 were collected on a Bruker-AXS APEX CCD diffractometer at 100(2) K. The crystallographic data, conditions retained for the intensity data collection and some features of the structure refinements are listed in Table 2 . The intensities were collected with Mo-Kα radiation (λ = 0.71073 Å). Data processing, Lorentz-polarization and absorption corrections were performed using APEX, and the SADABS computer programs. 83 The structures were solved by direct methods and refined by full-matrix least-squares methods on F 2 , using the SHELXTL program package. 84 All non-hydrogen atoms were refined anisotropically. The hydrogen atoms were located from difference Fourier maps, assigned with isotropic displacement factors and included in the final refinement cycles by use of HFIX (parent C atom) or DFIX (parent O atom) utility of the SHELXTL program. Molecular plots were performed with the Mercury program. 85 In case of 1, data affected by twin components (8.6%) were excluded from refinement. In case of 3, U ij constraints were applied for disordered water oxygen molecules and their hydrogen atoms excluded from refinements. ) and structurally characterized. The complexes 1-4 exhibit weak to moderate antiferromagnetic coupling. Attempts were made to correlate the experimental coupling constants, J of the complexes to their structural parameters and to the metal 3d and intervening oxygen 2p orbitals. The dicopper(II) and dicobalt(II) complexes exhibit weak antiferromagnetic coupling, whereas the corresponding dinickel(II) compounds reveal moderate to relatively strong magnetic coupling. 
Conclusion
